The RAD6 gene of Saccharomyces cerevisiae encodes a ublquttln-conjugating (E2) enzyme and is required for the repair of damaged DNA, mutagenesis, and sporulation. Here, we report our studies on the regulation of RAD6 gene expression after UV damage, during the mitotic cell cycle, in meiosis, and following heat shock and starvation. RAD6 mRNA levels became elevated in cells exposed to UV light, and at all UV doses the increase in mRNA levels was rapid and occurred within 30 mln after exposure to UV. RAD6 mRNA levels also increased in sporulating MATa/MATa cells, and the period of maximal accumulation of RAD6 mRNA during meiosis is coincident with the time during which recombination occurs. However, RAD6 mRNA levels showed no periodic fluctuation In the mitotic cell cycle, were not elevated upon heat shock, and fell in cells in the stationary phase of growth. These observations suggest that RAD6 activity is required throughout the cell cycle rather than being restricted to a specific stage, and that during meiosis, high levels of RAD6 activity may be needed at a stage coincident with genetic recombination. The observation that RAD6 transcription is not induced by heat and starvation, treatments that activate stress responses, suggests that the primary role of RAD6 is in the repair of damaged DNA rather than in adapting cells to stress situations.
INTRODUCTION
The RAD6gene of Saccharomyces cerevisiae is required for DNA repair, mutagenesis, and for sporulation. rad6 mutants are defective in postrephcation repair of DNA damage caused by UV light (1) and in mutagenesis induced by UV and other DNA damaging agents (2) (3) (4) . In addition, rad6mutants are defective in sporulation (5, 6) . The RAD6 gene encodes a 20 kD protein containing 172 amino acids. The carboxyl terminus of RAD6 is highly acidic in which 20 of the 23 amino acids are acidic, including an uninterrupted stretch of 13 aspartates (7) . Deletion analysis has shown that the polyacidic carboxyl terminus is essential for the sporulation but not for the DNA repair and mutagenesis functions of the RAD6 protein (8) .
RAD6 protein is a ubiquitin-conjugating (E2) enzyme that can conjugate ubiquitin to histones H2A and H2B (9, 10) . We have previously shown that RAD6 can multiply ubiquitinate histones H2A and H2B, attaching as many as seven or more molecules of ubiquitin, and that the acidic carboxyl terminus of RAD6 is essential for multiple ubiquitination of histones (10) .
Studies with rabbit reticulocyte extracts and with a mouse cell cycle mutant, ts85, defective in ubiquitin activating enzyme (El), and other studies (11) , have clearly shown the involvement of ubiquitin ligation to proteolytic substrates in their selective degradation. Genetic studies with the ubiquitin gene family in yeast have indicated that the UBI4 gene is required for survival under a variety of stress conditions including high temperatures and starvation (12) and UBI4 transcription is induced under these conditions. Since RAD6 can attach multiple ubiquitin molecules to its substrate, a characteristic feature observed in proteins destined for degradation, we have examined whether RAD6 transcription is responsive to heat stress and starvation, conditions which result in increased pools of damaged proteins, hi addition, we have examined RAD6 transcript levels in UV irradiated cells, and during the mitotic cell cycle and meiosis. We show that the levels of RAD6 transcripts increase in UV irradiated cells and also during sporulation in MATafMATa diploids, but remain constant during the mitotic cell cycle. Our studies also indicate that RAD6 transcription is not induced by heat stress or starvation.
MATERIALS AND METHODS

Strains, media, plasmids, and general recombinant methods
The following 5. cerevisiae strains were used for the preparation of total RNA: DBY746 (MATa his3-Al leu2-3 leu2-112trpl-289 ura3-52 RAD+), KM67 (MAT a his3-Al leu2-3 Ieu2-112 trpl-289 ura3-52 rad6A:LEU2), 4910-3- Huberman, and strains g833-lB, g833-2D, and g721-2 were obtained from J. Game. The diploid strain g857 was constructed by crossing the haploid strains g833-lB and g833-2D, followed by selection of diploids on minimal synthetic medium supplemented with histidine. Strain G51-6d (MATa barl-1 cryl-3 ade6 his6 leul Iys2) was obtained from I. Herskowitz.
Yeast strains were grown at 30°C in YPD medium (2% Bactopeptone, 2% glucose, 1% yeast extract [Difco Laboratories, Detroit, Mich.]) unless indicated otherwise. Yeast strain 4910-3-3a was grown at 23°C. Pre-sporulation medium contained 0.67% yeast nitrogen base without amino acids, 1 % yeast extract, 2% Bacto-peptone, 1% potassium acetate, 50mM potassium phthalate (pH 5.0), 20mg/l L-histidine. Sporulation medium contained 1% potassium acetate and 20mg/l L-histidine.
Isolation of DNA restriction fragments and agarose gel electrophoresis were performed as described by Maniatis et al (13 
Materials and supplies
All yeast and E. coli growth substrates were purchased from Difco Laboratories, Detroit, MI. Restriction endonucleases, vanadyl nbonucleoside complex and DNAsel were obtained from Bethesda Research Laboratories (BRL). Yeast a-factor was obtained from Sigma Chemical Co. and was dissolved in 99% ethanol. A solution prepared at 1 mg/ml was stored at -20°C. Radioisotope was obtained from Amersham, Inc. and New England Nuclear (NEN). GeneScreen nylon membrane was obtained from NEN.
UV-light treatment of yeast cells
Yeast strain DBY746 was grown in YPD medium to a density of 1 to 3xl0 7 cells/ml. Cells were collected by filtration and resuspended in sterile distilled H 2 O at a density of 1 x 10 7 cells/ml. 75ml of the cell suspension were placed in a pyrex dish (30x20cms) and exposed to UV-light at a flux of lJ/m 2 /sec with constant stirring. An aliquot of the cell suspension was withdrawn before and immediately after UVirradiation and plated on YPD medium to estimate the fraction of survivors. Following UV doses of 25, 37, and 50J/m 2 , the survival was 91 %, 82%, and 57%, respectively. Irradiated cells were collected by filtration and resuspended in pre-warmed YPD medium at the original density and incubated at 30°C in yellowlight. Aliquots from the yeast culture were withdrawn at intervals after irradiation and the cells were washed with an equal volume of distilled H 2 O. The cell pellet was frozen at -70 c C and total RNA was isolated when all the samples had been collected.
Cell-cycle synchronization
Yeast strain 4910-3-3a (14) was grown at 23 °C in YPD medium to a density of -1.5xl0 7 cells/ml. Progression through the cell-cycle was arrested by the addition of lOng/ml a-factor. After 3 h of exposure to a-factor, greater than 97% of the cells were single, large, unbudded 'schmoos'. a-factor was removed by filtration and cells washed with an equal volume of YPD medium (equilibrated to 23°C). The cells were resuspended in fresh medium and allowed to re-enter the mitotic cell cycle. The morphology of the cells and the cell density were noted at 30 min intervals. The doubling time of this strain grown under these conditions is 120 min. Total RNA was purified from aliquots withdrawn from the culture before a-factor treatment, during afactor exposure and following release from a-factor arrest.
Sporulation Conditions
Haploid strains g833-lB and g833-2D were freshly mated and the resulting MATalMATa diploid (g857) was selected on synthetic minimal medium supplemented with histidine. Strain g857 was grown for approximately 15 h in YPD medium. Cells were inoculated at low density in pre-sporulation medium and grown for 18 h to a final density of 4x 10 7 cells/ml. Cells were collected by filtration, washed, resuspended in sporulation medium at a density of 2X 10 7 cells/ml, and incubated at 30°C with vigorous aeration. Total RNA was purified from samples withdrawn at various times during sporulation.
Isolation of total RNA from yeast cells
Approximately 5X10
8 cells were resuspended in 400/il RNA lysis buffer (500mM NaCl, 50mM Tris-Cl pH 7.5, 50mM KC1, lmM Na 2 -EDTA, 0.5% SDS, lOmM iodoacetic acid and 2.5mM vanadyl ribonucleoside complex). Approximately 0.5g of acid washed glass beads and 0 4ml buffer saturated phenol were added. The cells were lysed by vigorous agitation, with frequent cooling in an ice-water bath. The cell debris, phenol and glass beads were removed by brief centrifugation. The aqueous layer was transfered to a clean microfuge tube and extracted with phenol, which was followed by three extractions with phenol-chloroform-isoamylalcohol (25.24:1). Nucleic acids were precipitated by the addition of 2.5 volumes of cold 99% ethanol. The precipitated nucleic acids were treated with DNAsel (BRL) at a concentration of 0.2^g//xl for 30 min at 37°C RNA was extracted with phenol and precipitated with ethanol as above.
Gel electrophoresis and Northern hybridization
Total yeast RNA was dissolved in 1M glyoxal, lOmM sodium phosphate, pH 6.5, and denatured by incubation at 50°C for 60 min. The denatured RNA was briefly chilled on ice and then electrophoresed in a 1 % agarose gel prepared in lOmM sodium phosphate, pH 6.5. Electrophoresis was performed at 3V/cm for 3-4 h with buffer recirculation. Following electrophoresis, the gel and a pre-cut sheet of GeneScreen nylon membrane (NEN) were equilibrated in transfer buffer (25mM sodium phosphate, pH 6.5) for 20 min. The transfer sandwich was prepared as described by the manufacturer and electroelution was performed for 15 h at 22OmAmps in a Trans-Blot apparatus (Bio-Rad). Following transfer, the nylon membrane was dried for 5 min at room-temperature and baked at 80°C for 3 h. The membrane was washed in 0.1 % SDS, 2 X SSC at 65°C for 60 min and then sealed in a hybridization bag with 15ml of hybridization solution (0. Iml/cm2) and incubated at 42°C for 18 h. The hybridization solution contained 50% formamide, 1M NaCl, 0.1% sodium pyrophosphate, 5 x Denhardt's solution, 400fig/ml sonicated calf thymus DNA, 10% dextran sulfate, lmM Na 2 -EDTA and 50mM Tris-Cl, pH 7.5. Nick-translated DNA probes were prepared and approximately 1 X 10 7 cpm (7x lC^cpm/ml) were added to a hybridization reaction. The specific activity of the probe was generally between 1 and 3x l^cpnV/ig. The hybridization was allowed to proceed for 15-18 h at 42 °C. Following hybridization, the nylon membrane was washed twice with 2x SSC at room temperature (RT) for 10 min. The membrane was washed twice at 65°C in 2 X SSC, 1 % SDS for 30 min and residual SDS was removed by washing the membrane in 0.1 x SSC for 30 min at RT. The membrane was damp dried and then exposed to X-ray film (Kodak X-RP1 or X-AR5) at -70°C with two intensifying screens. Transcript levels were quantitated by densitometry with an LKB laser-densitometer. To ensure linearity of response, X-ray films with varying exposures were scanned and films within the linear range were used for quantitation.
Preparation of radiolabeled probes RAD6 mRNA was detected by hybridization to nick-translated plasmid 86.31, in which the 620 bp EcoRl fragment containing the entire RAD6 gene is cloned into M13mp8. RAD6wRNA was also detected by hybridization to the nick-translated 620 bp EcoRl fragment of RAD6. Histone H2B mRNA was detected by hybridization to nick-translated plasmid pTRT2 (obtained from L. Hereford). Plasmid M13URA, in which a 1.1kb Hindm DNA fragment containing the entire URA3 gene was cloned into M 13mp9, was used as a probe for URA3 mRNA. Nick-translation of plasmid DNA was accomplished by using materials from Amersham, Inc. Plasmid DNA (lOOng) was nick-translated in a reaction containing 50^Ci 32 P-dATP (3000Ci/mMole), 50/*Ci 32 P-dCTP (3000Ci/mMole), dGTP and dTTP. The reaction mixture was incubated at 15°C for 2 h and was terminated by the addition of an equal volume of 0.1M Na2-EDTA. Unincorporated isotope was removed by passage through a 0.8ml Sephadex G-50 column (Boehringer Manneheim Co.). The specific activity of radiolabeled probes was routinely between l-3xl0 8 cpm//ig.
RESULTS
RAD6 mRNA levels increase in UV-irradiated cells
The RAD6 gene encodes two transcripts of 0.98 and 0.86 kb which differ only at their 3' ends (7). RAD6 transcript levels were examined in cells exposed to 25, 37, and 50 J/m 2 of UV light by Northern blot hybridization. Fig. 1A shows the transient elevation of RAD6 mRNA following 25 J/m 2 . Lane 1 contains RNA from unirradiated control cells. In lanes 2 and 3, the yeast cell suspension was 'mock-treated', and total RNA was isolated 30 and 60 min later. These cells were treated in an identical manner to the UV-light irradiated sample, except that they were not exposed to UV. Lanes 4 to 9 contain total RNA isolated at various times after UV irradiation. The levels of both RAD6 transcripts were maximally elevated at 30 min after UV irradiation (lane 5) but remained constant in the unirradiated control samples (lanes 1 to 3) . UV irradiation at 37 (Fig. IB) and 50 J/m 2 ( Fig. 1C ) also elicited an increase in RAD6 mRNA levels. Interestingly, at all UV doses, the predominant increase occurred in the level of the longer RAD6 transcript, and at higher UV doses, this differential increase became even more striking. Multiple autoradiographic exposures were quantitated by densitometry and the results are shown in Fig. ID . At all UV doses, RAD6'S transcript levels increased rapidly, reaching a maximum at 30 min and then declined gradually to basal levels. Following UV irradiation at 25 J/m2, 37 J/m2, and 50 J/m2, the increase in RAD6 mRNA levels relative to the level in the unirradiated control was 5-, 6-, and 5-fold, respectively. When normalized with the ura3 mRNA level in each lane, the increase in the level of RAD6 mRNA after 25 J/m2 and 50 J/m2 becomes approximately 8-and 4-fold, respectively (Fig. ID) .
RAD6 mRNA levels remain constant during heat stress Several yeast genes are regulated in response to both DNA damage and heat shock (12, 15, 16) . To determine \fRAD6 might also be regulated in response to heat stress, exponentially growing cells were transferred from 23°C to 38°C, and levels of RAD6 mRNA examined. RAD6 mRNA levels fell initially upon shift to high temperature, but thereafter, recovered gradually to the basal levels present in the 23°C-grown culture (Fig. 2) . To examine whether RAD6 affects the survival of cells exposed to heat stress, RAD + and rad6A cells were spread on YPD plates, and incubated at 38°C for 1, 2, 4, 6, 8, 12, and 24 h. Following heat stress, plates were shifted to 23 °C to allow surviving cells to form colonies. Unlike the ubi4 mutants which are hypersentive to heat stress (12), the rad6A mutation had no effect on survival following heat stress (results not shown). These observations indicate that RAD6 transcription is induced specifically in response to UV damage and not to heat shock, and that RAD6 is not required for survival of cells upon heat stress.
RAD6 is not regulated during the mitotic cell cycle
A number of yeast genes required for DNA replication are regulated during the mitotic cell cycle and also in response to DNA damage. DNA replication genes CDC8 , CDC21 (17), CDC9 (18) , and POL1 (19) , are all expressed at high levels at the Gl/S phase boundary in the mitotic cell cycle. We have examined the levels of RAD6 mRNA during the cell cycle by Northern blot hybridization. We used the strain 4910-3-3a for these studies because it can be easily synchronized in the cell cycle by low a-factor concentrations and synchrony of divisions is maintained for several cell cycles after release from a-factor arrest (14) . Fig. 3A shows the efficiency of synchrony that was achieved upon a-factor treatment. Exponentially growing (asynchronous) cells had about 35% budded cells. Three hours of a-factor treatment resulted in greater than 97% single, large unbudded cells characteristic of the G1 stage and removal of afactor resulted in rapid re-entry into the mitotic cell cycle. The first peak of budding was observed at 60 min and the second at 180 min. The doubling time of this strain is 120 min. The cell density, which remained essentially unchanged during afactor treatment, doubled at 120 min intervals following release from a-factor induced Gl arrest. Total RNA was isolated at different stages during the cell cycle and the results of Northern hybridization are shown in Fig. 3B . Treatment with a-factor resulted in greatly lowered levels of histone H2B mRNA (lanes 2 to 4). Following re-entry into the mitotic cycle, three periodic cycles of H2B accumulation are clearly observed. The separation of peak H2B levels by 120 min is consistent with the doubling time of the strain. Quantitation of the Northern blot in Fig. 3B shows that the periodic fluctuation in H2B mRNA levels is in excess of 30-fold (Fig. 3C, 20) . In sharp constrast to the cyclical changes in H2B mRNA levels, RAD6 mRNA levels remained essentially constant during all stages of the cell cycle (Fig. 3C) . Cell cycle regulation of RAD6 was also examined in another strain, G51-6d, using a-factor to arrest cells in Gl. In this strain, synchrony of division could only be maintained for one cell cycle. The results shown in Fig. 3D indicate that in this strain also, RAD6 mRNA levels remained constant throughout the cell cycle. This observation was confirmed by quantitation of RAD6 mRNA levels done as described in the legend to Fig. 3C .
RAD6 mRNA levels in stationary cells
Expression of the yeast UBI4 gene, required for survival of cells in stationary phase, is enhanced in stationary phase cultures (12) . Since the rad6A mutant also displays a dramatic decline in viability in stationary cultures, we determined whether expression of RAD6 is induced in stationary cells. Fig. 4 shows the levels of RAD6mRNA in logarithmic and stationary phase cells. RAD6 mRNA levels fell upon entry into late log phase of growth (lane 3), and declined further in stationary cultures (lanes 4 and 5). RAD6 mRNA levels were approximately 10-fold less in stationary cultures (lanes 4 and 5) than in exponential cultures (lanes 1 and 2) . (21), undergoes rapid, efficient (> 95% asci), and synchronous sporulation. In sporulation medium, commitment to recombination began at about 2 h and maximal recovery of recombinants occurred by 5-6 h. Spore formation began after 6 h and was complete by 10 h. Fig. 5A shows a Northern blot analysis of RNA isolated at various times after transfer of the MATa/MATa strain g857 to sporulation medium. Parallel blots were hybridized with nick translated DNA probes specific for RAD6, histone H2B, and URA3 mRNAs. Histone H2B mRNA levels decreased after transfer to sporulation medium, and increased between 3 -4 h (lanes 6 and 7), which is after the period of DNA synthesis. URA3 mRNA levels remained constant for 6 h in sporulation medium and then declined (results not shown). RAD6 mRNA levels remained constant for the first 1 h in sporulation medium, then rose with peak accumulation occurring by 3 h (lane 6). Densitometric scanning of autoradiograms indicates that at its maximum, RAD6 mRNA levels are elevated about 3.5 fold (Fig. 5B) . To ensure that the regulated expression of RAD6 was due to sporulation and not the result of starvation conditions in sporulation medium, we determined the levels of RAD6 mRNA in a closely related asporogenous MATa/MATa strain g721-2. In this strain, the level of RAD6 mRNA declined progressively upon incubation in sporulation medium (Fig. 5C) , indicating that the periodic accumulation of RAD6 mRNA in MATa/MATa cells occurs in response to sporulation per se. Both in the MATa/MATa strain (Fig. 5A ) and in the MATa/MATa strain (Fig. 5C) , the longer RAD6 transcript predominated in cells incubated in sporulation medium.
Regulation of RAD6 in meiosis
DISCUSSION
Transcriptional analysis of the RAD6'S gene has shown that its expression is enhanced in UV irradiated cells. The rise in the level of RAD6 transcripts was rapid, and at all UV doses, maxima] RAD6mRNA accumulation occured within 30 min. UV induced expression of RAD6S transcription has been verified by us in different yeast strains.
UV irradiation led to a much greater increase in the level of the longer transcript than that of the shorter one. Since the two RAD6 transcripts differ only at their 3' ends, this effect could arise if 3' end formation is affected by UV induction of RAD6 transcription. The transcriptional complex formed in UV irradiated cells could read through the first RAD6 transcriptional termination sequence more frequently than the transcriptional complex in unirradiated cells. 3' end formation of U2 Sn RNA has been shown to be affected by the composition of the transcription complex (23) . An alternate possibility is that the shorter transcript is a processed form of the longer one and processing activity is limiting in UV irradiated yeast cells. An mRNA processing activity has been described recently in yeast (24) . Transcription of many yeast DNA damage inducible genes, such as UB14 and DDR, is activated in response to heat shock (12, 15, 16); however, heat shock treatment did not enhance RAD6 transcript levels. Since transcription of the yeast UBI4 gene is induced in stationary cells (12) , we examined whether RAD6 transcript levels also increase in stationary cultures. However, we found that the RAD6 transcript levels fell almost 10-fold in stationary cultures compared with the levels in logarithmic cultures. These observations indicate that RAD6 transcription responds specifically to DNA damage, and that RAD6's primary role is likely to be in DNA repair rather than in providing resistance to a variety of stress conditions. RAD6 mRNA levels were examined during the mitotic cell cycle in cells synchronized by treatment with the mating pheromone a factor Our experiments were conducted in two different strains: in one strain, synchrony of cell division could be maintained for three cycles as attested by three periods of peak accumulation of histone H2B mRNA. In another strain, synchronous cell division could be maintained for only one cycle. RAD6 mRNA levels remained constant during all stages of the cell cycle in both strains.
Expression of the RAD6 gene is regulated during sporulation in MATaMATa cells. RAD6 mRNA levels increased approximately 3.5 fold at 3 h in sporulation medium and high mRNA levels persisted until about 6 h. The period of high RAD6 mRNA levels is coincident with the time when high levels of genetic recombination occur. The defect in rad6 mutants in sporulation, possibly due to aberrant meiotic recombination, is consistent with the notion that increased levels of RAD6 transcription may be required for achieving high levels of meiotic recombination.
Our observations of increased expression of RAD6 by UV light and of lack of regulated expression during the mitotic cell cycle differ from those reported by Kupiec and Simchen (22) . They found no significant increase in the level of RAD6 transcripts in UV irradiated cells, and reported observing a periodic 40-fold fluctuation in RAD6 transcript levels during the mitotic cell cycle. Both studies, however, indicate an increase in the level of RAD6 transcripts during meiosis. Since the Northern blots are not shown in Kupiec and Simchen's paper (22) , it is difficult to compare our results with theirs. We examined RAD6 transcription at three different UV doses and have repeated these experiments with different S. cerevisiae strains. Kupiec and Simchen's UV experiments were done at a single UV dose in one strain and since the increase in RAD6 transcription occurs soon after UV irradiation, it could be that in their experimental conditions, these authors missed the period of induction. In our cell cycle studies, we were able to achieve a high degree of synchrony, as judged by the cyclic fluctuations in the level of histone H2B mRNA. In the absence of a similar control in the experiments of Kupiec and Simchen, it is not clear whether adequate cell cycle synchrony was attained. In fact, the fluctuation in the frequency of budded cells, which is between 50% to 90% in Kupiec and Simchen's experiment, indicates poor cell cycle synchrony. In contrast, in our experiments, the frequency of budded cells varied between 4% to 90%. In addition to our studies with two different yeast strains, studies in F. Winston's laboratory (G. Prelich and F. Winston, personal communication) support our observation that RAD6 transcription is not regulated during the mitotic cell cycle. Kupiec and Simchen (22) have reported an increase in RAD6 transcript levels upon treatment of cells with the alkylating agent methyl methanesulfonate (MMS), with hydroxyurea (HU), and by exposure of cdc40 mutant cells to the restrictive temperature. MMS causes DNA damage, HU blocks DNA synthesis and causes single strand breaks in DNA, and since cdc40 mutants are sensitive to DNA damaging agents (25) , an increase in the incidence of DNA lesions may occur at the restrictive temperature in these mutant cells. In view of the fact that RAD6 expression stays constant during the mitotic cell cycle, all of these observations of Kupiec and Simchen (22) are consistent with the increase in RAD6 transcription occurring in response to DNA damage rather than from arrest of cells at a specific cell cycle stage, as suggested by Kupiec and Simchen (22) .
Three yeast DNA repair genes have now been shown to be inducible by DNA damage. These include the RAD2 gene (26, 27) , required for excision repair, the RAD6 gene, reported in this paper, and the RAD54 gene (28), required for DNA double strand break repair and recombination. In addition to RAD6, transcription of the RAD52 and RAD54 genes has also been shown to be induced during meiosis (29) . Transcription of the yeast DNA replication genes CDC9 (18, 30) and Poll (19) is regulated in response to DNA damage, during meiosis, and also in the mitotic cell cycle. The period of induction of CDC9 and Poll during meiosis is near the beginning of premeiotic DNA synthesis (19, 30) , whereas the DNA repair genes RAD6, RAD52, and RAD54 (29) are induced later during the period when genetic recombination occurs. Therefore, the mechanisms controlling the meiotic expression of DNA replication and DNA repair genes are likely to be different. It would be of interest to determine whether the DNA damage induction of various DNA repair and replication genes is controlled by a common or different regulatory mechanism(s).
